Nitrosomonas europaea, an autotrophic bacteria, can catalyze both the oxidation of ammonia to nitrite and methane to methanol by ammonia monooxygenase (AMO). N. europaea obtains electrons for the AMO reaction by oxidation of ammonia and hydroxylamine. Therefore, the effects of ammonia and hydroxylamine on AMO activity and methanol production by the whole cells of N. europaea were investigated. The addition of electron donors increased both AMO activity and methanol production. The optimal methanol production was achieved by either the repeated addition of 100 μM (1 M 1 mol ・dm -3 ) ammonium chloride every 30 min, or 200 μM ammonium chloride every 1 h during reaction to the final concentration of 1 mM. During 6 h reaction, 440 μM methanol was accumulated, 47% higher compared with no addition of electron donor or 30% higher compared with the one time addition of 1 mM ammonium chloride before reaction.
Introduction
Methanotrophs have been extensively studied in the biosynthesis of methanol 1)～4) . Methanotrophs catalyze the oxidation of methane to methanol by methane monooxygenase in the following reaction (1):
The electrons used in the oxidation of methane can be obtained from further oxidation of methanol.
There are two problems with methanol production by the whole cells of methanotrophs. First, inhibition of methanol dehydrogenase (MDH), which catalyzes methanol oxidation to formaldehyde, is necessary to accumulate methanol 5) . Second, inhibition of MDH activity will also block the electron supply for methane oxidation. Therefore, inhibition of MDH activity and addition of electron donors such as formate are essential conditions. This study uses Nitrosomonas europaea to produce methanol. N. europaea is a chemolithotrophic bacterium that derives its energy from the oxidation of ammonia (NH3) to nitrite (NO2 -). The oxidation of ammonia is carried out in two steps: the oxidation of NH3 to hydroxylamine (NH2OH) by ammonia monooxygenase (AMO), followed by NH2OH oxidation to NO2
-by hydroxylamine oxidoreductase (HAO), and part of the electrons released during this reaction are used by AMO for further ammonia oxidation 6)～9)
. AMO, which shares many similarities with particulate methane monooxygenase (pMMO) in methanotrophs, can also catalyze the oxidation of methane in reaction (1) 10) . N. europaea for methanol production has two advantages compared to methanotrophs. First, the methanol can be accumulated without inhibition of MDH activity. According to the genome sequence of N. europaea, MDH gene is absent 6) , so the inhibition of MDH activity is not needed. Second, N. europaea derives all energy and reductants for growth from the oxidation of ammonia to nitrite. Therefore, ammonium ion or ammonia is supposed to be the most basic and effective electron donor for methanol production by ammonia oxidizers. Anaerobic methane production from biomass such as wastewater requires removal of any ammonia from wastewater to avoid inhibition of methane production 11)～13) . In methanol production from methane produced from biomass, the ammonia recovered from the methane production process could be used as the electron donor for methanol production by ammonia oxidizers. Therefore, ammonia oxidizer is a candidate for methanol biosynthesis.
In this study, methanol production by the intact cells of N. europaea was investigated including the effect of electron donors on AMO activity and methanol production, and an effective approach was identified to pro-duce high concentrations of methanol using the intact cells of N. europaea.
Experiment

1. Bacterial Cultivation
Nitrosomonas europaea NBRC 1428, obtained from the Biological Resource Center, National Institute of Technology Evaluation (NITE), was grown lithoautotrophically in a 10-l fermenter fitted with a pH-stat control (FC2000, Tokyo Rikakikai Co., Ltd.) at 30 . The medium had the following composition: 2.5 g of (NH4)2SO4, 0.5 g of KH2PO4, 1.192 g of HEPES, 0.5 g of NaHCO3, 0.1 g of MgSO4 ・7H2O, 0.004 g of CaCl2, and 0.075 g of Fe-EDTA in 1 l of water. All chemicals were of the highest grade available and were used without further purification. The pH was adjusted to 7.8-8.0 by NaOH before autoclaving and was maintained at 7.8 by the addition of 5% (w/v) Na2CO3 through a sterile filter during cultivation. Cells were harvested by centrifugation (9280 g for 15 min) at 4 and then were resuspended in 25 mM (1 M 1 mol ・dm -3 ) phosphate buffer (pH 7.8) containing 2 mM MgCl2 14) at 1 g wet wt/ml and stored at 80 .
Enzyme Assays
AMO activity was determined according to the method of MMO activity determination, which measures the propylene oxide produced by the epoxidation of propylene 4),10) at 30 by injecting 0.3 ml of propylene into a 3 ml reaction vial containing N. europaea cell suspension (4 mg wet wt/ml, 0.42 mg protein/ml) in 250 μl of reaction mixture. The propylene oxide was measured by a Hitachi 263-30 gas chromatograph fitted with a flame ionization detector and a 3 mm 4 m column packed with Sorbitol 25%-gasport B. Nitrogen gas was used as carrier gas at 17.4 ml/min. The temperatures of the injector and detector were 150 and the column was maintained at 100 . The reaction mixt u r e wa s 10 m M H E P E S bu ff e r ( p H 8.0) u n l e s s otherwise mentioned. One unit of AMO activity (1 U) was defined as the amount of enzyme catalyzing the oxidation of 1 μmol propylene per minute. The protein concentration was determined according to the standard Lowry method 15) .
3. Methanol Biosynthesis
Methanol production was carried out according to the following procedures as reported previously 4) with some modifications. A 3 ml glass vial containing N. europaea cell suspension (4 mg wet wt/ml, 0.42 mg protein/ml) in 250 μl 10 mM HEPES buffer (pH 8.0) with a magnetic stirrer sealed with a Teflon cap was incubated in a water bath. The reaction was initiated by the injection of 0.3 ml methane by a gas-tight syringe. The methanol produced by the whole cells of N. europaea was determined by a Hitachi 263-30 gas chromatograph with a 3 mm 2 m column packed with Sorbitol 25%-gasport B. Other conditions were the same as above.
Results and Discussion
1. Methanol Production by N. europaea
Methanol production was carried out using the intact cells of N. europaea. The pH and temperature was the same as the conditions applied during cultivation. As shown in Fig. 1 , methanol could be accumulated by just using resting cells without addition of electron donor. Electron donors stored in the cells were used in the methane oxidation by AMO. The accumulated methanol concentration reached about 300 μM after 30 h reaction. However, the methanol concentration decreased after 30 h.
Such decrease in methanol concentration may be caused by the consumption of methanol. AMO catalyzes the oxidation of methane to methanol in the initial period of reaction using electron donors stored in the resting cells, whereas after 30 h almost all the reductants in the cells may be consumed so that the accumulation of methanol stops. According to the genome sequence of N. europaea, MDH is absent in this bacterium, but an alcohol dehydrogenase gene is present 6) . So the methanol consumption may be carried out by alcohol dehydrogenase. To clarify the methanol consumption by N. europaea, the cells were incubated with methanol. As shown in Fig. 2 , N. europaea completely consumed 400 μM methanol within 4 h at 35 , indicating that N. europaea can oxidize methanol, probably mediated by alcohol dehydrogenase. The reaction was carried out at 30 in 10 mM HEPES buffer (pH 8.0) as described in Experiment. Methanol consumption by N. europaea was observed, but methanol accumulation was observed using the whole cells of N. europaea without inhibiting MDH. However, no methanol accumulation was observed without inhibiting MDH in the case of methanotrophs 5) . Therefore, N. europaea has an advantage over methanotrophs in methane oxidation in that methanol can accumulate without inhibition of MDH activity.
Therefore, the AMO activity was measured by the reaction of propylene epoxidation rather than methane oxidation, considering that a part of the produced methanol will be consumed by N. europaea, whereas propylene oxide, which is the product of propylene epoxidation by AMO, is not consumed by the cells.
2. Effect of Electron Donor on AMO Activity
Depletion of the electron donor in the cells may occur during methane oxidation, so the effect of ammonia or hydroxylamine on AMO activity in the whole cells of N. europaea was investigated. Ammonia and hydroxylamine were added in the form of ammonium chloride and hydroxylamine hydrochloride. As shown in Fig. 3 (a) , propylene epoxidation rate was increased by the addition of ammonium chloride at concentrations between 100 μM and 5 mM. The highest AMO activity was observed with 1 mM ammonium chloride. The effect of hydroxylamine was shown in Fig. 3 (b) . The rate of propylene epoxidation also increased by the addition of hydroxylamine hydrochloride at concentrations in the range of 100-500 μM. However, hydroxylamine hydrochloride higher than 500 μM inhibited propylene epoxidation. The highest rate of propylene epoxidation was obtained with 200 μM hydroxylamine hydrochloride. These results indicate that ammonia and hydroxylamine can be used as the electron donors for AMO in the cells and improve the oxidation of propylene. In N. europaea, ammonia is oxidized by AMO to hydroxylamine, and hydroxylamine is further oxidized in the cells, so the electrons produced from further oxidation of hydroxylamine can be used in the propylene epoxidation.
The rates of the propylene epoxidation were almost the same using 1 mM ammonium chloride or 200 μM hydroxylamine hydrochloride. In addition, the rate of propylene epoxidation in the presence of hydroxyl- amine hydrochloride above 500 μM was lower than that in the absence of hydroxylamine chloride, indicating that hydroxylamine had an inhibitory effect on AMO, possibly because hydroxylamine is an intermediate metabolite in the cells of N. europaea and functions as a feedback inhibitor for AMO. Therefore, ammonia is a better additive than hydroxylamine because hydroxylamine has an inhibitory effect on AMO and ammonia is less expensive than hydroxylamine.
Methanol is oxidized to formaldehyde by MDH in methanotrophs, then part of formaldehyde is further oxidized to formate by formaldehyde dehydrogenase (FADH), and formate is oxidized to CO2 by formate dehydrogenase (FDH). Part of the electrons released during these metabolic steps of methanol can be used in the oxidation of methane by MMO 17) . Considering that N. europaea can also consume methanol (Fig. 2) , the methanol may serve as an electron donor for AMO as for MMO in methanotrophs. Therefore, methane and methanol were examined for their effects on the rate of propylene epoxidation. As shown in Figs. 4 (a) and 4 (b), no increase in the rate of propylene epoxidation occurred with the addition of methanol or methane. Propylene epoxidation by the whole cells of N. europaea was competitively inhibited by methanol and methane. The Ki values obtained for methanol and methane were 248 μM and 117 μM, respectively.
The addition of methane and methanol showed inhibitory effects, suggesting that methanol and its corresponding oxidation products possibly do not function as electron donors for AMO, or the methanol consumption rate of the cells is too slow to increase the rate of propylene epoxidation. According to the genome sequence of N. europaea, no enzymes involved in C1 metabolism such as FDH and FADH are present, which also supports the above findings.
Effect of pH and Temperature on AMO
Activity To investigate the optimal pH and temperature for methanol production by N. europaea, the effect of pH and temperature was examined in the absence or presence of electron donor. Figure 5 shows the influence of pH from 5.0 to 11.0 on the rate of propylene epoxidation in the presence of 1 mM ammonium chloride and 200 μM hydroxylamine hydrochloride. Broad range buffer containing different ratios of solution A (40 mM boric acid and 10 mM citric acid) and solution B (20 mM Na3PO4 ・12H2O) was used. The optimal pH value for AMO activity was 8.0, the same pH value used in cultivation of N. europaea. Addition of electron donors did not change the optimal pH. AMO had no activity below pH 5.0 or over pH 11.0 due to the denaturalization of AMO. The rate of propylene epoxidation increased by the addition of ammonium chloride at pH ranging from 7.5 to 9.0. On the other hand, hydroxylamine hydrochloride improved AMO activity at pH ranging from 6.0 to 10.0. Figure 6 shows the influence of temperature on the rate of propylene epoxidation in the presence of 1 mM ammonium chloride or 200 μM hydroxylamine hydrochloride. The optimal temperature of AMO activity was 30 . Addition of electron donors did not change the optimal temperature. At higher (60 ) and lower (10 ) temperatures, both addition of ammonium chloride and hydroxylamine hydrochloride had no effect. Open circle is in the absence of inhibitor. The reaction was initiated by injecting propylene gas 0.05 ml, 0.1 ml, 0.2 ml, 0.3 ml, respectively, and methane 0.3 ml. All values are the average of three independent determinations. Error bars represent the standard deviation. 
4. Effect of Electron Donors on Methanol Production
The effect of electron donors on AMO activity measured by propylene oxidation suggests that optimal concentrations exist. To optimize methanol production, the effects of electron donors on methanol production were investigated. Figures 7 (a) and 7 (b) show the effects of ammonia and hydroxylamine on the rate of methane oxidation by whole cells of N. europaea. The optimum concentrations of ammonia and hydroxylamine for methanol production were both 0.2 mM. Compared with Figs. 3  (a) and 3 (b) , the optimal ammonium chloride concentration decreased from 1 mM to 0.2 mM, whereas the optimal concentration of hydroxylamine hydrochloride did not change, possibly due to the following three reasons: the difference in inhibitory effect of ammonia on methane and propylene oxidation, the consumption of methanol (Fig. 2) , and the inhibition of AMO activity by methanol (Fig. 4 (a) ). In addition, Figs. 7 (a) and  7 (b) indicate that the rate of methane oxidation in the presence of 0.2 mM ammonium chloride was higher than that of 0.2 mM hydroxylamine hydrochloride, so ammonium chloride is a better electron donor for AMO.
5. E f f e c t o f Te m p e r a t u r e o n M e t h a n o l
Production The effect of temperature on methanol production was also examined. Figure 8 shows the time course of methanol production at 25, 30, and 35 where AMO activity was relatively high in the absence of electron donor as shown in Fig. 6 . During the initial 3 h, there was no remarkable difference in the methanol production rate between these three temperatures. After 3 h reaction, the methanol concentration became stable at 35 . On the other hand, the methanol concentration still increased gradually at 25 or 30 , and the final concentrations were almost the same at 25 and 30 . Therefore, the optimum temperature for methane oxidation by N. europaea is 25-30 . F i g. 9) . Although the initial rate of methane oxidation in the presence of 200 μM ammonium chloride was higher than that of 1 mM ammonium chloride as shown in Fig. 7 (a) , the methanol concentration at 6 h in the presence of 1 mM ammonium chloride was higher than that of 200 μM, indicating that 200 μM ammonium chloride was not sufficient to provide electrons for a long reaction time.
In order to obtain higher concentrations of methanol, low concentrations of ammonium chloride were added repeatedly during the reaction as shown in Fig. 10 . Addition of ammonium chloride was carried out as follows: a) 200 μM ammonium chloride was added after 1 h reaction and then repeatedly added every one hour; b) 100 μM ammonium chloride was added after 0.5 h reaction and then repeatedly added every 30 min. The total concentration of ammonium chloride added was 1 mM. Addition of ammonium chloride at intervals greatly improved the methanol production. The final concentration of methanol reached 440 μM, 47% higher compared to no addition of ammonium chloride and 30% higher compared to the one time addition of 1 mM ammonium chloride before reaction.
The one time addition of high concentrations of ammonium chloride before reaction did not increase the final methanol concentration more than repeated addition of low concentrations of ammonium chloride, probably because when the high concentration of ammonium chloride was added before reaction, the ammonia and hydroxylamine were immediately oxidized and Open circle is in the absence of electron donor. 100 μM NH 4 Cl was added before reaction (closed circle); 1 mM NH 4 Cl was added before reaction (closed triangle); 200 μM NH 4 Cl was added before reaction (closed square). All values are the average of three independent determinations. Error bars represent the standard deviation. the produced electrons were used by other reactions rather than being involved in the methanol production. In contrast, when ammonium chloride was added at low concentration repeatedly after the reaction started, the electrons were more likely to be involved in methanol production, so the high rate of methane oxidation was maintained and the high concentration of methanol was obtained.
Conclusion
This study investigated the effects of electron donor, ammonia and hydroxylamine, on AMO activity and methanol production. The increase of AMO activity by the addition of electron donors was confirmed. The rate of methanol production was higher in the presence of ammonia than of hydroxylamine, so ammonium chloride was chosen as the electron donor in methanol production. Ammonia can serve as an electron donor for methanol production, but ammonia also inhibits methane oxidation by AMO. Therefore, repeated addition of low concentration ammonium chloride during the reaction was found to be an effective approach to enhance the accumulated methanol concentration compared with one time addition of ammonium chloride.
